Abstract-Crosslinked polyethylene (XLPE) has been the cable insulation material of choice in many different transmission and distribution applications for many years and, while this material has many desirable characteristics, its thermo mechanical properties have consequences for both continuous and emergency cable ratings which, in turn, have implications for system operational flexibility. In this paper, we describe the The work described here concerns the development of two potential new cable insulation technologies based upon thermoplastic blends, in which properties are optimised by combining different polymers. The overarching rationale behind this strategy is that thermoplastics are both greener (end of life recycling; reduced energy consumption and emissions during manufacture) and offer in-service operational benefits compared with XLPE. In particular, emergency ratings are dramatically improved. In both of the technologies presented here, molecular composition is first optimised in the laboratory, based upon morphological evolution, electrical breakdown behaviour and mechanical factors. Then, the work goes on to address two critical issues, namely: is it possible to extrude such a system to give a cable and does the laboratory optimised material still exhibit desirable characteristics when extruded onto a cable?
INTRODUCTION
Crosslinked low density polyethylene (XLPE) exhibits a desirable combination of properties for use as the dielectric in cable systems and, consequently, is now widely used in this application. However, environmental concerns have led both to XLPE recycling technologies [1] and to increasing interest in the use of novel thermoplastic materials [2] , e.g. Prysmian's P Laser technology. In addition to recyclability, the use of thermoplastics also brings further benefits. Cables can be manufactured more quickly in a one-shot process with no crosslinking; higher material purities can be reached through the use of finer melt filters since, in thermoplastics, there is no risk of amber generation due to premature crosslinking; there will be no crosslinking by-products.
However, in general, single polymers do not exhibit an appropriate combination of properties for use in a cable, which would ideally include, amongst others, high breakdown strength, low temperature flexibility and good mechanical integrity at high temperatures. This final factor is particularly 
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Dow Europe GmbH CH-881O Horgen, CH significant, since it is closely related to the rating of the cable under both steady state and emergency conditions; XLPE melts at around 90°C, which limits such factors [3] .
The work described here concerns the development of two potential new cable insulation technologies based upon thermoplastic blends, in which properties are optimised by combining different polymers. The overarching rationale behind this strategy is that thermoplastics are both greener (end of life recycling; reduced energy consumption and emissions during manufacture) and offer in-service operational benefits compared with XLPE. In particular, emergency ratings are dramatically improved. In both of the technologies presented here, molecular composition is first optimised in the laboratory, based upon morphological evolution, electrical breakdown behaviour and mechanical factors. Then, the work goes on to address two critical issues, namely: is it possible to extrude such a system to give a cable and does the laboratory optimised material still exhibit desirable characteristics when extruded onto a cable?
II. EXPERIMENTAL

A. Polyethylene Materials
The high density polyethylene (HDPE) used in this study was Dow 40055E and the low density polyethylene (LDPE) was a non-commercial Dow material used as the base resin in certain cable-grade insulation products. Since the required blend composition (20% HDPE: 80% LDPE) had already been established in previous isothermal work [4] , pellets of pre compounded blend for small-scale laboratory testing were prepared using a Haake PTW 16/40D twin screw lab extruder equipped with a 3 mm capillary die and pelletizer. Large-scale pellet production for mini-cable extrusion was undertaken on a Berstorff ZE40UT twin screw extruder. The LDPE and XLPE reference mini-cables were produced using the same LDPE base as in the blend.
B. Polypropylene Materials
The isotactic polypropylene (iPP) used in this study was the Dow H358-02 system, which was combined with one of three propylene-ethylene copolymer (PEC) systems (VERSIFyrM 2200, 2300 and 2400) which, respectively, contain 9, 12 and IS mol% of ethylene. Blends were prepared in the laboratory using both a standard solution method, involving dissolution of the required components in xylene, and by melt-mixing using a
Brabender Plastograph with a WSOEHT mixing attachment.
The former approach is more suitable for the preparation of small volumes of a large number of different formulations; the latter is more technologically relevant. Material preparation for mini-cable production was undertaken using the same equipment as in the PE case described above. Throughout this paper, the various PP blend systems are designated as follows: 
D. Material Charactisation
Breakdown of the above thin film specimens was conducted using our standard AC ramp testing methodology.
Samples were inserted into a specially designed testing chamber containing Dow Coming 200/20cs silicone fluid. A sinusoidal SO Hz voltage was applied to the sample with a peak-peak amplitude ramp of 141 V S-
The thickness of the specimen was subsequently measured at each breakdown site such that the associated field, E, at breakdown could be determined. The resulting datasets were analysed assuming a 2-parameter Weibull distribution. Scale and shape parameters were calculated using the maximum likelihood estimation technique in the Reliasoft Weibull ++7 software and likelihood ratios were used to generate 90% confidence intervals.
The temperature dependence of the mechanical modulus was determined using a Rheometrics RSAII dynamic mechanical thermal analysis (DMT A) system operating in dual cantilever mode at a constant frequency of 1 Hz.
Structural studies were undertaken using a JEOL JSM-S910 scanning electron microscope (SEM). The required samples
were fust cut open using an RMC CR21IMT7 cryo ultramicrotome before being etched for 2 h with a permanganic TM: Trademark of The Dow Chemical Company ("Dow") or an affiliated company of Dow. 544 reagent, using standard procedures [7] .
E.
Cable Testing
It proved impractical to determine the AC breakdown strength of the mini-cables and, consequently, DC testing was undertaken at room temperature using a Henry Patterson & Sons Ltd 600 kV test set. 6 m (± 2%) lengths of cable were cut, crimped to form a loop and hung from a 3 m fiber-glass rod attached to a winch. The conductor was connected to the HVDC supply using a 2 m copper pipe; a trough of tap water formed the ground electrode. A voltage ramp was then applied to each specimen in a stepwise fashion: 1.7S kV S-I +/-13% rises for 8 s, followed by 30 s dwells, in order to give an overall average ramp rate of 370 V S-I +/-7%. For safety reasons, it was not possible to apply a voltage greater than 400 kV to the mini-cables.
III. RESULTS
A. Polyethylene Blend Systems
For HDPE/LDPE blends of the composition specified above, an isothermal crystallization temperature (Tc) window From this, it is evident that, at low temperatures, both the quenched and slow cooled blends are slightly stiffer than the XLPE reference. However, particularly in the case of the slow cooled blend, mechanical integrity is retained to much higher temperatures, implying that a cable constructed using such a blend could accommodate an operating temperature some 3 . 0 °C higher than XLPE, at least for a relatively short period of time.
B. Polypropylene Blend Systems
In terms of both structure and properties, the broad principles described above for polyethylene blends also apply to polypropylene blends, in that continuous space-filling morphologies lead to desirable properties. However, in the case of iPP/PEC blends, the precise molecular architecture of the copolymer exerts a dramatic influence on behaviour, whereas �he choice of .
LDPE in the polyethylene case is of secondary Importance. Fig. 4 shows the effect of both composition and choice of PEC on the breakdown strength (i.e. the maximum likelihood Weibull scale parameter) of a selection of PP blends. In view of the results presented previously, all of these were cooled slowly, at I °C min' l . From this, an optimal composition of SO wt% iPP is apparent for all blends when breakdown testing is conducted at either 30°C or 120°C.
From an electrical breakdown viewpoint, the system containing SO% iPP and SO% VERSIFYTM 2200 (i.e. M2200/S0) appears close to optimal, as far as the various material combinations considered in this study are concerned.
However, any practically viable cable material must also exhibit reasonable low temperature flexibility and high temperature thermo-mechanical integrity. Fig. S compares the temperature dependence of the dynamic modulus of samples of M2200/S0 crystallised at two different cooling rates with the behavior of the XLPE reference system. From this, it is evident that all the systems considered here are comparable in terms of their low temperature flexibility and, indeed, the low temperature performance of the PP blend is somewhat better than that of the PE blend shown in Fig. 3 . Clearly, the high temperature integrity of M2200/S0 is better than that of the PE blend and very much better than XLPE, as would be anticipated. Comparison of these results with equivalent data obtained from the other systems shown in Fig. 4 Temperature (DC) Fig. 3 . DMTA data obtained from the PE blend (quenched and crystallised slowly at I °c min") and an XLPE reference. that none of these exhibit significant mechanical benefits compared with M2200/S0 [6] . Consequently, we conclude that when electrical and mechanical characteristics are considered in concert, out of the various base polymers considered here a combination of SO% iPP and SO% VERSIFYTM 2200 wo�ld be most appropriate for mini-cable production.
C.
Cable Testing elements. As such, the combination of material composition, extrusion conditions and cooling rate used in manufacture has, from a structural perspective, met our objectives. Fig. 6 . SEM micrographs showing typical mini-cable morphologies for insulation composed of (a) 20% HDPE and 80% LDPE and (b) 50% iPP and 50% VERSIFyTM 2200. In both cases, the morphology is continuous with a fine scale texture. Table l .
IV. CONCLUSIONS
This study set out to consider the potential of two different designed polymer blend systems for use as next generation cable insulation materials. In both cases, the design was motivated by the desire to develop insulation materials with green credentials that, in service, could offer increased operational flexibility as a consequence of their improved high temperature integrity. Based on laboratory testing, one PE blend and one PP blend were identified and used to manufacture mini-cables; an XLPE-insulated mini-cable was also produced, to act as a reference. Despite a lack of experience of how to extrude thermoplastics, the use of an XLPE extrusion line in manufacture and the incorporation of non-optimised semi cons, both thermoplastic-insulated mini cables still outperformed the XLPE-insulated, and much more optimized, analogue.
